• NPY and Y2 receptors are expressed by complementary neuronal populations of the dorsal hippocampus.
Introduction
Fear is an important life-sustaining mechanism that promotes survival in a natural environment. However, exaggerated, dys-regulated, or inappropriate fear expression are hallmarks of post-traumatic stress disorder (PTSD) (Parsons and Ressler, 2013) . Individual aspects of PTSD are modeled by Pavlovian fear conditioning, a specific form of associative learning in which an initially neutral stimulus is repetitively paired with an aversive signal. Limbic brain areas, such as amygdala, hypothalamus and hippocampus, are controlling fear learning and related adaptive behaviors. Ample evidence suggests that the ventral hippocampus is feeding contextual memory content about place and time into other fear-relevant brain circuitries (Cox et al., 2013; Hubner et al., 2014; Maren and Fanselow, 1995; McDonald and Mott, 2017 However, recent evidence underscores that in particular contextual fear is also modulated by the dorsal part of the hippocampus (Chang and Liang, 2017; Fabri et al., 2014) . There, synaptic signaling is organized in a tri-synaptic pathway (Amaral and Witter, 1989) and depends on glutamate release, while GABA and several neuromodulators, which are co-released from inhibitory interneurons, provide fine-tuning.
Neuropeptide Y (NPY) is a highly conserved modulatory peptide neurotransmitter (Tatemoto, 1982) and extensively expressed in the central nervous system (CNS) (Gehlert et al., 1987; Morris, 1989) . It influences numerous physiological functions, such as energy homeostasis, pain transmission and emotional-affective behaviors by activation of at least five different G i/o -coupled receptors (Gilpin, 2012; Hokfelt et al., 2007; Loh et al., 2015; Reichmann and Holzer, 2016; Schmeltzer et al., 2016; Tasan et al., 2016) .
Several studies suggest that especially Y1 receptors (Y1R) suppress fear learning in several brain areas, including amygdala and hippocampus (Gutman et al., 2008; Lach and de Lima, 2013) . On the other hand, the role of pre-synaptic Y2 receptors (Y2R) is still controversial. Several studies indicate that also Y2R activation may suppress in particular the consolidation of fear (Fendt et al., 2009; Flood and Morley, 1989) , a finding that was not supported by other investigations (Karl et al., 2010; Pickens et al., 2009; Verma et al., 2012) . However, we demonstrated recently that Y2Rs in the central amygdala inhibit acquisition and promote the extinction of cued, but not contextual fear (Verma et al., 2015) .
Both, NPY and Y2Rs are highly expressed in the hippocampus (Stanic et al., 2011) , a brain area important for processing of recent contextual memories and their integration with emotional components. Therefore, NPY may in fact modulate contextual fear learning by activation of hippocampal Y2Rs. However, learning and memory can also be influenced indirectly, for instance by altering associated emotional states. Since NPY has powerful anxiety-modulating properties predominantly mediated by anxiolytic Y1R and anxiogenic Y2R, investigation of Y2R function in learning and memory should benefit from separate testing in emotional and non-emotional paradigms.
Thus, to explore the necessity and sufficiency of hippocampal Y2R for emotional and spatial learning contents, we combined behavioral analyses of germline Y2KO mice with viral vector-mediated, site-specific rescue of receptor expression. Specifically, we investigated Y2KO mice in the Barnes maze for spatial memory and we explored associative memory in contextual and trace fear conditioning. Furthermore, we locally re-expressed Y2Rs in the hippocampus of Y2KO mice followed by behavioral testing. We conclude that in the hippocampus Y2Rs may protect against inappropriate or exaggerated fear learning at the expense of simultaneously decelerating non-emotional learning capacities, but may at the same time promote the extinction of an already existing fear memory.
Materials and methods

Animals
Adult male Y2KO, NPY-GFP and C57Bl/6N wildtype mice (WT) were used for the experiments and characterized by us previously . Importantly, transgenic mice were backcrossed to C57Bl/6N mice (Charles River, Germany) for at least 10 generations. All procedures involving animals and animal care were conducted in accordance with international laws and policies (Directive 2010/63/EU of the European parliament and of the council of 22 September 2010 on the protection of animals used for scientific purposes; Guide for the Care and Use of Laboratory Animals, U.S. National Research Council, 2011, and ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines) and were approved by the Austrian Ministry of Science. All effort was taken to minimize the number of animals used and their suffering.
Viral constructs
Custom synthesized, codon optimized Y2 receptor cDNA (Genescript, USA) was subcloned into a recombinant adeno-associated viral vector (rAAV) backbone (Addgene #26968, K.Deisseroth) (AAVEF1a-Y2R). As control, an rAAV expressing GFP was used (AAV-EF1a-GFP). Titers of AAV vectors serotype 2 were adjusted to 2.5 × 10 11 genomic particles/ml (gp/ml).
Surgical procedure
Mice were deeply anesthetized (140 mg/kg ketamine i.p., Ketasol ® , Graeub, Switzerland) and received analgesia (1.5 mg/kg Meloxicam s.c., Movalis ® , Boehringer Ingelheim, Austria) prior to mounting in a stereotaxic frame (David Kopf Instruments, USA). During surgery, anesthesia was supported by inhalation of 2-4% sevoflurane (Sevorane, AbbVie, Austria). 1 μl of rAAV was infused bilaterally by micropumps (nexus 3000, Science Products GmbH, Germany) into the dorsal hippocampus (−2.1 mm dorsoventral, −1.9 mm rostrocaudal, +1.6 mm mediolateral according to bregma) at a flow rate of 0.1 μl/min via stainless steel cannulas connected by polyethylene tubing to 10 μl microsyringes (Hamilton, Switzerland). Injection sites were verified after the final experiments via immunohistochemistry for Y2R and GFP. In total, 4 animals with misplaced injections were excluded from the analysis. After surgery mice were allowed to recover for at least 1 week before starting behavioral testing.
Behavioral experiments
For behavioral experiments with previous rAAV injections two different cohorts of mice were used. One that was subjected to fear conditioning followed by the Barnes maze, and a second one that was tested on the Barnes maze and then followed by fear conditioning. Since previous testing may interfere with consecutive testing experiences, we focussed on the analysis of the first testing experience, which is also presented in the manuscript.
Trace and contextual fear conditioning
The conditioning context (context A, CXA) and the extinction context (context B, CXB) had different floor, walls, lighting, and scent (Ugo Basile SRL, Italy). Conditioning: mice were fear conditioned in CXA by 5 tone (CS)/shock (US) pairings separated by a trace period of 20s. Context fear extinction: 24 h after conditioning, mice were placed in CXA for 25min without receiving any CS or US. Trace fear recall: 48 h after conditioning, mice were placed in CXB and received 5CS presentations separated by randomized inter-trial intervals (Figs. 1i and 4a for experimental timeline).
Freezing behavior was measured automatically by an integrated software (ANY-Maze, Stoelting, Ireland). The software was validated by comparison to manual analyses of two experienced observers as described previously (Verma et al., 2012) .
Barnes maze
The Barnes maze (BM) consisted of a circular platform with 20 evenly spaced holes at the perimeter. On 4 sides outside the platform distinct visual cues were placed (Figs. 2a and 5a for schematic layout). Before training, mice were habituated to the apparatus. Training: during 4 consecutive days, mice were trained to find a single open hole (target hole, TH) associated with an external visual cue. Target holes and external cues were randomly distributed among mice, but remained the same for each mouse throughout the whole experiment. Each animal was trained 3 times per day, with an inter-trial interval (ITI) of 15min. Memory tests: on day 5 and 12, memory was assessed by allowing the mice to explore the maze for 5min with all holes closed. For analysis, the platform was divided into 4 virtual quadrants. Primary path length, time spent and distance traveled in the different quadrants were scored automatically (Ethovision, Noldus, Netherlands). Primary latency to the target hole was also scored manually and verified by analysis with the software. For details see supplementary methods.
Immunohistochemistry
Mice were anesthetized with an overdose of sodiumthiopental (500 mg/kg, Sandoz, Austria) and perfused transcardially with phosphate buffered saline (PBS) and 4% paraformaldehyde (PFA). Brains were post-fixed, cryoprotected, snap-frozen and stored at −70°C. Immunohistochemistry was performed on 40 μm coronal sections as described previously and detailed in supplementary methods.
Statistical analysis
Data are means ± SEM and were analyzed for normal distribution and equal variances using GraphPad Prism software (Prism 7 for Macintosh, GraphPad Software Inc., San Diego, CA). Behavioral experiments were analyzed by repeated two-way ANOVA for time, genotype/treatment and interaction. Comparisons between 2 groups were analyzed by Student's t-test or Mann-Whitney test for non-parametric values. Significance levels were set to P < 0.05.
Results
To investigate the localization of hippocampal Y2Rs in relation to NPY neurons, we performed immunohistochemistry for Y2Rs in NPY-GFP mice. Specificity of the Y2R antibody and NPY-GFP mouse was validated by comparison to receptorbinding and immunohistochemistry, respectively (Supplementary Figure 1) and described in detail previously ). Y2R-IR was Acquisition: after a habituation period of 120s (PreCS) mice received 5US separated by randomized intervals (ITI:60-120s), and remained in the fear conditioning box for another 120s after the last US (PostCS). Testing/extinction: 24 h later mice were placed into the same conditioning box and tested for context fear recall (first 5min of the test) and extinction (additional 20min). (j) Y2KO mice and WT controls showed similar rates of baseline freezing and context fear acquisition. (k) Y2KO mice displayed increased fear expression during the first 5min of the recall test and (l) during extinction training. (m, n) Comparison of freezing behavior at the beginning, middle and end of the extinction training. WT mice displayed lower initial freezing and extinction already within the first 10min, while Y2KO mice displayed increased freezing in the beginning and extinction learning was only apparent towards the final minutes of the training session. Data are presented as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05 compared to preceding time point; Ctrl: n = 9, Y2KO: n = 8. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) predominately observed in s.oriens and radiatum of CA1 and CA3, in s.lucidum, dentate hilus and granule cell layer (Fig. 1a-d and Supplementary Fig. 1b and c) . Moderate Y2R-IR was present in the supragranular zone of the dentate gyrus (DG), consistent with localization on axon terminals of mossy cells (Fig. 1b) . NPY-positive cell bodies and fibers were present throughout the dorsal hippocampus, with cell bodies mainly located in the dentate hilus, s.lacunosum moleculare and s. pyramidale (Fig. 1e) . Only a few NPY neurons were located in s.radiatum and s.oriens, both areas with very dense Y2R expression (Fig. 1g) . NPY-positive fibers were detected in the outer molecular layer and hilus of the DG, in s.oriens of CA1 and CA3 and in the subiculum (Fig. 1f-h ). In general, no dual labeling of NPY and Y2R-IR was observed, suggesting that Y2Rs are usually not expressed by NPY neurons. Remarkably, dense Y2R-IR was contrasting with sparse NPY fiber staining and most of the somata of NPY neurons were located outside the areas of dense Y2R-IR (Fig. 1a) , a constellation typical for volume transmission.
To investigate the role of Y2R in hippocampus-dependent learning we subjected Y2KO mice to the BM and contextual fear conditioning as spatial and emotional memory tasks, respectively. Acquisition of context fear was similar to controls ( Fig. 1j) , however, freezing levels during contextual fear recall were significantly higher in Y2KO mice (Fig. 1k , t(15) = 3.449, P = 0.003) and fear extinction was delayed (Fig. 1l-n, F (1,15) = 30.11, P < 0.0001). To shed more light on the role of Y2R in fear extinction, we compared freezing levels at the beginning, middle point and at the end of an extinction training. In controls, fear extinction occurred mainly during the first 15min of the training session (Fig. 1m , t(8) = 4.666, P = 0.0016), while in Y2KO mice extinction learning started not until 15min (Fig. 1n , t(7) = 3.027, P = 0.0192) and was still incomplete at the end of the 25min extinction procedure. Also recall of trace fear conditioning, which involves the interplay of hippocampal and extra-hippocampal During training, no difference between genotypes was observed for distance traveled and latency to find the target hole, however (d) Y2KO mice displayed less primary errors before finding the target hole, suggesting improved working memory. (e) During early memory test on day 5, Y2KO mice traveled longer distances in the target quadrant, but (f) spent equal time in the target quadrant as WT mice. (g) Y2KO mice visited the target hole significantly more often than controls (numbering relative to TH, target hole; OH, opposite hole). (h) During late memory test on day 12, Y2KO traveled longer distances, (i) spent more time in the target quadrant and (j) visited the target hole significantly more often than WT mice. Note that WT mice did not remember the location of the target hole anymore. Data are presented as means ± SEM. *P < 0.05, ***P < 0.001, #P < 0.05, ###P < 0.001 comparing quadrants within groups. WT: n = 6, Y2KO: n = 6. structures (Han et al., 2003; Runyan et al., 2004) was significantly higher in Y2KO mice (Supplementary Figure 2c , CS: t(25) = 2.32, P = 0.0288; Trace: t(25) = 2.72, P = 0.0117) compared to WT. It is interesting to note that while WT mice displayed a decrease in freezing upon consecutive CS/trace periods, freezing levels were equally high in Y2KO mice (Supplementary Figure 2d , Trace: t(4) = 7.40, P = 0.0120). Thus, global deletion of Y2R results in increased contextual and trace fear expression and delayed extinction of fear.
The BM was employed as a spatial memory task that has no or only a minimal emotional component (Fig. 2a) . During acquisition, no difference was observed between Y2KO and WT mice for path length and latency to find the target hole (Fig. 2b and c) , however, Y2KO mice made fewer primary errors while searching for the target hole (Fig. 2d,  F(1,10) = 5.595, P = 0.0396), indicating improved working memory. During early, hippocampus-dependent memory recall on day 5, Y2KO mice traveled significantly longer distances in the target quadrant (Fig. 2e , t(10) = 2.842, P = 0.0175) and visited the target hole more often than WT (Fig. 2g, t(200) = 5.011, P < 0.001), while time spent in target quadrant was similar between groups (Fig. 2f) . When testing for late, cortex-dependent memory recall on day 12, again Y2KO mice traveled longer distances (Fig. 2h , t(10) = 5.645, P = 0.0002) and spent significantly more time in the target quadrant compared to WT (Fig. 2i , t(10) = 2.33, P = 0.0421). Furthermore, Y2KO mice visited the target hole significantly more often (Fig. 2j , t(200) = 4.9, P < 0.001), while WT mice showed no preference for the target hole anymore. Importantly, total distance traveled in all 4 quadrants was unchanged at day 5 (t(10) = 1.562, P = 0.1493) and day 12 (t(10) = 1.148, P = 0.2779), excluding an effect of altered motor activity. These results suggest that Y2R signaling impairs working memory and spatial memory recall probably by reducing synaptic signaling in the hippocampus (day 5) and cortical structures (day 12) and/or their hippocampal projections.
In order to investigate whether hippocampal Y2R signaling is sufficient for the modulation of emotional and spatial memory, we established a model with locally restricted Y2R re-expression in adult Y2KO mice. Viral vector-derived Y2Rs were validated by injection of different rAAV dilutions into the dorsal hippocampus of Y2KO mice, followed by receptorbinding on coronal brain sections using different concentrations of the radioactively labeled Y2R-preferring agonist [
125 I]ePYY 3-36 and by immunohistochemistry. Injections of 1 μl of AAV-EF1a-Y2R into the dorsal hippocampus of Y2KO mice with a titer of 5 × 10 11 genomic particles (GP)/ml resulted in local Y2R expression comparable to WT mice ( Fig. 3b-g, i) . Functionality of transgenic Y2R was investigated by functional receptorbinding measuring the decrease in [ 125 I]ePYY 3-36 binding in the presence of increasing concentrations of GTPγS (Fig. 3h, j) . Thus, in Y2KO mice that were subjected to behavioral testing, viral vector injection resulted in robust re-expression of functional Y2Rs restricted to the dorsal hippocampus ( Fig. 3d and Supplementary Fig. 3a-f ) and the expression pattern was largely reminiscent of WT mice (Supplementary Figure 4) . Y2KO mice injected with an AAV-EF1a-GFP vector were used as controls and did not show any Y2R expression (Y2KO-Ctrl) (Fig. 3c) .
Ten days after vector injections mice were subjected to context fear conditioning Fig. 3a . Both groups, Y2KOeY2R and Y2KO-Ctrl, displayed similar context fear acquisition (Fig. 4b, F (1, 10) = 2.598, P = 0.1381), however, context fear recall was significantly reduced after locally restricted re-expression of Y2R in Y2KOeY2R mice (Fig. 4c , t(10) = 2.607, P = 0.0241), while fear extinction was facilitated (Fig. 4d, F(1,10) = 9.193, P = 0.0142). Y2KO-Ctrl mice displayed high initial fear expression and delayed extinction, similar to Y2KO mice (Fig. 1) . In particular, fear extinction learning was absent at the beginning of the training session and initiated only after 15min (Fig. 4e , t(4) = 3.486, P = 0.0252). In contrast, Y2KOeY2R mice exhibited significantly reduced fear expression and an additional reduction of freezing behavior already during the first 15min of the extinction training (Fig. 4f , t(6) = 3.8, P = 0.009), which was not further reduced during the remaining session. Thus, while extinction learning in Y2KO-Ctrl mice was delayed, Y2KOeY2R mice demonstrated extinction already at earlier time points, reminiscent of WT mice.
To investigate whether temporal association, which depends on hippocampal and extra-hippocampal structures, was altered, we performed trace fear conditioning. Interestingly, no change in trace fear acquisition or recall was observed when Y2Rs were re-expressed only in the dorsal hippocampus in Y2KOeY2R mice compared to Y2KO-Ctrl ( Supplementary Fig. 5b and c) . Furthermore, re-expression of Y2R in the dorsal hippocampus of Y2KO mice did not result in rescue of trace fear extinction as seen in WT mice.
To investigate whether Y2R-re-expression in the dorsal hippocampus was sufficient to direct spatial memory towards WT levels, Y2KOeY2R and Y2KO-Ctrl mice were tested in the BM. Acquisition of spatial learning was unchanged ( Fig. 5b-d) , however, while distance traveled was similar between groups (Fig. 5e ), Y2KOeY2R mice spent significantly less time in the target quadrant during early, hippocampus-dependent memory test on day 5 (Fig. 5f , t(16) = 2.865, P = 0.0112) and visits of the target hole were significantly reduced compared to Y2KO-Ctrl mice (Fig. 5g , t(320) = 4.717, P < 0.0001), further supporting the concept that Y2R activation in the hippocampus is sufficient to reduce spatial memory. Importantly, during late, cortexdependent memory testing on day 12, both, Y2KOeY2R (t(9) = 2.993, P < 0.0151) and Y2KO-Ctrl mice (t(7) = 5.095, P < 0.0014) moved significantly longer distances in the target quadrant (Fig. 5h) , a phenomenon that was also observed in naive Y2KO mice, but not in WT mice (Fig. 2h-j) . However, no difference was observed between Y2KOeY2R and Y2KO-Ctrl groups in target time, distance or hole visits (Fig. 5h-j) . It is important to note that total distance traveled in all 4 quadrants was not different between the two groups on day 5 (t (16) = 0.185, P = 0.8555) and day 12 (t(16) = 0.6424, P = 0.5297), excluding an effect of altered motor activity. While % of time spent in the target quadrant was not correlated in Y2KO-Ctrl mice, there was a moderate correlation in Y2KOeY2R mice (Y2KO-Ctrl: r = 0.3394 [-0.4801 . These results suggest that hippocampal Y2R signaling interferes with early spatial memory retrieval, but not with late recall, when memory contents depend predominantly on cortical areas (Sekeres et al., 2018) .
Discussion
While convincing evidence indicates that NPY can modulate hippocampal functioning by several receptor subtypes, the specific role of Y2Rs in hippocampus-mediated learning was, however, still a matter of uncertainty.
Here, we demonstrated that germline deletion of Y2Rs improved spatial memory recall, increased context and trace fear expression, while fear extinction was delayed. When re-introducing Y2Rs site-specifically into the dorsal hippocampus of Y2KO mice, spatial memory at early, but not at late time points was reduced to levels of WT mice. Furthermore, context fear expression was decreased and context extinction facilitated. Thus, hippocampal Y2R signaling selectively and differentially modulate memory processes depending on emotional relevance and/or time of retrieval.
In the hippocampus, presynaptic Y2Rs are expressed by pyramidal neurons of various subregions (Stanic et al., 2006 (Stanic et al., , 2011 , whereas NPYpositive neurons are mostly observed in s. pyramidale and lacunosum moleculare. There, NPY is expressed by multiple classes of GABA neurons (Pelkey et al., 2017) . Notably, ivy cells express considerable amounts of NPY. These inhibitory interneurons are located close to the pyramidal cell layer and send axonal projections to both, s.oriens and radiatum, where Y2Rs are located. Ivy cells give rise to very thin axons, which could also explain, at least in part, the paucity of NPY-positive fiber staining within s.radiatum. They form mainly dendrite-targeting synapses, but they can also activate axonal Y2Rs by extra-synaptic NPY release and volume transmission (Fuentealba et al., 2008; Pelkey et al., 2017) . Functionally, ivy cells down-regulate presynaptic excitability and support network homeostasis, probably also by activation of Y2Rs (Fuentealba et al., 2008) . While this may dampen activity upon emotional challenge, such as contextual fear conditioning, the same Y2R-mediated reduction could impair retrieval of spatial memory. The CA1 area is involved in the consolidation of contextual contents, and relays information to cortical brain areas, initiating long-term storage (Daumas et al., 2005) . Absence of Y2R in CA1 would improve the consolidation and/or retrieval of an acquired memory by facilitating network activity at a neuralgic crossroad, where Schaffer collaterals and associational/commissural fibers meet with afferent and efferent projections (van Strien et al., 2009) . In support for this concept we found improved spatial memory and higher precision of target site recognition in Y2KO mice. On the other hand, our re-expression experiments suggest that also extra-hippocampal, probably cortical Y2Rs could suppress memory recall particularly at late time points. Further experiments are required to identify the localization of these Y2Rs and their involvement in memory processing.
Y2Rs are also present on mossy fibers and terminals of dentate granule cells (GCs). GCs display sparse firing activity and project to CA3 pyramidal neurons, with collaterals targeting hilar GABA neurons, which may also contain NPY (Acsady et al., 1998) . Functionally, GCs have been suggested to specify contextual memory by pattern separation in which similar contexts are stored as non-overlapping neuronal representations (Leutgeb et al., 2007) . Feed-forward NPY release from hilar interneurons could refine the encoding of distinct memory traces by dampening excitability through activation of presynaptic Y2Rs on Fig. 3 . (a) Experimental timeline: mice were stereotactically injected with AAV-Y2R or AAV-GFP vector in controls and behavioral testing started 10 days after surgery. Two cohorts of mice were tested with different schedules: cohort 1 was first tested in the BM, followed by fear conditioning, cohort 2 underwent fear conditioning first, followed by the BM. Between tests the mice were left in their homecage for one week. After the last test, the animals were transcardially perfused. mossy fibers. Thus, increased fear expression and impaired extinction of Y2KO mice in our experiments may be related to a higher number of GCs activated by individual contextual environments, resulting in overlapping representations of different memories (Engin et al., 2015) . This is also supported by our recent finding demonstrating fear generalization in Y2KO mice for cued stimuli (Verma et al., 2012) . A recent study found that NPY neurons in the dentate gyrus are reducing freezing behavior towards conditioned background context by restricting the number of recruited granule cells (Raza et al., 2017) . On the other hand, Bott et al. (2016) report increased theta-gamma coupling in GCs specifically when mice approached their target hole in a modified BM (Bott et al., 2016) . In our study, Y2KO mice were more successful to identify the exact target hole location in the BM, both at early and late time points. However, as soon as emotionally aversive learning contents were incorporated, such as during fear conditioning, learning accuracy of Y2KO mice was impaired resulting in fear generalization. Further experiments are needed to investigate this discrepancy in learning precision and a possible relation to theta-gamma coupling. Fear processing is largely controlled by the amygdala, whereas the hippocampus contributes spatial and temporal aspects and is particularly important during context and trace fear conditioning, respectively (Chang and Liang, 2017; Misane et al., 2005) . A very recent study found that pharmacological Y2R activation in the bed nucleus of the stria terminalis may interfere with cued fear memory at remote stages, even in the absence of extinction training (Verma et al., 2018) . Previously, we also demonstrated that Y2Rs in the central amygdala reduced cued, but not contextual fear (Verma et al., 2015) . Therefore, we decided to specifically investigate context fear after chronic deletion and consecutive locally restricted, but permanent rescue of hippocampal Y2Rs. One advantage of this approach is the ability to clearly identify the affected brain areas, projections and cell types after the final behavioral experiment. While the temporal resolution of this experimental intervention is definitely reduced, our strategy may be a better approximation of the physiological function of neuropeptide transmitters, which are released predominantly during stressful situations and modulate neuronal functioning on a longer timescale (Heilig, 2004) . Thus, viral vector-mediated manipulation of Y2R expression can reintroduce Y2Rs into specific brain regions and allows for selective activation by endogenously released NPY. By performing rescue experiments, it is possible to investigate if Y2Rs in the hippocampus are sufficient to reverse behavioral effects seen upon germline Y2R deletion or whether compensatory mechanisms are involved. Human studies provide supportive evidence that genetically determined alteration of Y2R expression may have indeed functional consequences. For instance, single nucleotide polymorphism variations which increased Y2R expression resulted in faster decay of iconic memory, a form of working memory (Arning et al., 2014) . This agrees with our current experiments in which deletion of Y2Rs actually improved working memory. Higher network activity may be one reason, since NPY, which is released during high-frequency stimulations impaired long-term potentiation and related spatial discriminative learning by activation of Y2Rs (Sorensen et al., 2008) .
Because emotion and motivation are intimately linked to learning and memory, alteration of one parameter may significantly affect the others. This is particularly important for NPY, which modulates goaldirected and emotional-affective behaviors likewise (Wu et al., 2011) . We demonstrated that germline deletion of Y2Rs improves spatial memory in the BM. This test was performed under low-stress conditions and in the absence of external motivational elements, such as food reward. The BM takes rather an advantage of the inborn impulse of rodents to investigate and prefer closed, confined areas. Interestingly, Redrobe et al. (2004) have shown that Y2R deletion disrupts memory performance in the Morris water maze (MWM), a paradigm where mice have to swim to find a hidden platform (Redrobe et al., 2004) . Several reasons may account for the difference to our results. Firstly, we have backcrossed our mice to a C57Bl/6N background for at least 10 generations. It is well documented that the inter-individual variability of a mixed genetic background can have profound effects on various behaviors (Kerr et al., 2013) . For instance, in Y2KO mice backcrossed to a congenic C57Bl/6J background, a previously detected anxiolytic phenotype (Tschenett et al., 2003) was not observed anymore (Zambello et al., 2011) . Secondly, by forcing mice to swim, the MWM represents a spatial memory task with a high stress-component, which may significantly impact memory performance (Harrison et al., 2009 ). For instance, Karabeg et al. (2013) reported that learning in high-anxiety (ITI, . 24 h later context fear expression was tested (first 5min) followed by extinction training. (b) Y2R re-expression in the dorsal hippocampus did not influence context fear acquisition, but (c, d) during context fear recall and extinction Y2KOeY2R displayed less freezing compared to AAV-GFP-injected controls (Y2KO-Ctrl). (e, f) While Y2-Ctrl mice displayed increased freezing and beginning of extinction learning only after 15min, similar to naive Y2KO mice (Fig. 1) , Y2KOeY2R mice showed reduced freezing in the beginning and early extinction learning already during the first 10min with no further reduction in the course of the remaining extinction session. Data are presented as means ± SEM, *P < 0.05. **P < 0.01 compared to Y2KO-Ctrl, #P < 0.05 compared to preceding time point. Y2KO-Ctrl: n = 5, Y2KOeY2R: n = 7.
serotonin-transporter (5-HTT) deficient mice was significantly impaired in the stressful MWM, but not in the BM. These experiments suggest that in high-anxiety individuals, MWM testing results may be compromised by an altered stress response (Karabeg et al., 2013) . They also emphasize the fine balance and mutual interaction of emotional contents with general learning processes, and indicate how malfunctioning of this equilibrium may result in pathology, such as in the case of PTSD.
For this reason, our demonstration that Y2Rs in the hippocampus do not impair or improve learning processes per se, but rather selectively and differentially modulate hippocampal processing depending on emotional valence and/or time of retrieval, may have important implications. Because PTSD is frequently associated with re-emergence of the initial traumatic event triggered by maladapted fear learning, drugs which activate Y2Rs could interfere at several instances by suppressing fear expression, promoting extinction and reducing generalization of fear.
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